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The kidney’s complex spatial organization and poorly defined lineage specification programs have impeded
derivation of kidney progenitors from pluripotent stem cells (PSCs). Now in Cell Stem Cell, Taguchi et al.
(2014) redefine the identity of embryonic kidney progenitors in vivo to obtain PSC-derived kidney progenitors
that can form nephrons in vivo.There has been great success in gener-
ating various cell types of the body from
pluripotent stem cells (PSCs), including
embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs). Efficient
protocols for lineage-specific differen-
tiation of PSCs generally recapitulate
embryonic development ‘‘in a dish’’ by
stepwise production of progenitors.
These protocols seek to mimic the proper
temporal combinations of cell signaling
that occur in vivo, either by providing
exogenous factors in the culture media
or by forced expression of key transcrip-
tion factors required for organogenesis.
Despite the fast pace of the stem cell field,
generation of functional kidney structures
from PSCs is an ongoing challenge. This
is due in part to the anatomical complexity
of the kidney, but is also a result of incom-
plete delineation of the kidney cell lineage
specification program in vivo (Dressler,
2009). The adult kidney, also termed
metanephric kidney, develops from the
posterior end of the embryonic intermedi-
ate mesoderm (IM). From the IM are
specified both the metanephric mesen-
chyme (MM), which in turn generates
most of the nephron structures (epithelia
of glomeruli, proximal and distal renal
tubules) and the ureteric bud (UB), which
includes the progenitors for the collecting
duct system (Dressler, 2009; Saxe´n and
Sariola, 1987). Reciprocal interactions
between MM and UB are critical for cell
lineage specification to drive proper
kidney organogenesis.
In this issue of Cell Stem Cell, Taguchi
et al. (2014) have greatly expanded our
understanding of early kidney organogen-
esis by redefining the spatial, anatomical,
and temporal origin of the metanephricnephron progenitors, which enabled
them to successfully produce 3D kidney
structures from mouse and human
PSCs. These findings extend previous
work in the field, including those from
Mae et al. (2013) who established a robust
protocol to generate nephrogenic IM us-
ing a completely defined media formula-
tion and a human ESC reporter line that
tracks cells that express the IM marker
Odd-skipped related 1 (OSR-1). Further
experiments indicated that OSR-1+ pro-
genitors could generate 3D renal struc-
tures. However, even with such improved
protocols, there remained major gaps in
understanding how nascent mesoderm
first commits to IM, and then how IM sub-
sequently becomes specified to either the
MM or UB lineages.
Taguchi et al. addressed these key
questions by utilizing in vivo lineage
mouse models together with an elegant
in vitro colony-forming nephron pro-
genitor assay at multiple developmental
stages (Taguchi et al., 2014). They first
examined later stages of nephron pro-
genitor development (E11.5 and E15.5)
in OSR1-GFP reporter mice and found
enriched colony-forming activity in the
OSR1-GFP+Integrina8+PDGFRa popu-
lation. Looking a step earlier, they next
demonstrated that a similar cell popula-
tion could be obtained from OSR1-GFP+
cells isolated from the posterior end
of the IM from E9.5 embryos, indicating
that the metanephric nephron progenitors
are generated from the posterior IM at
E9.5. The authors then took another step
backward to E8.5 and discovered that
the precursor of the MM was already
segregated from the UB precursors at
this time point. The MM precursor wasCell Stem Celfound in the brachyury-positive (T+),
OSR1-GFP+ caudal population and is
spatially distinct from the UB progenitor,
which was observed in the anterior, T
population.
The authors then capitalized on these
findings and identified the optimal combi-
nations of inducers that promote stepwise
transition of isolated E8.5 T+ posterior
mesodermal cells into metanephric pro-
genitors. This then allowed them to
obtain similar progenitor populations
from mouse and human ESCs and iPSCs,
providing a remarkable example of
how findings from in vivo embryogenesis
can be translated to PSCs for genera-
tion of metanephric nephron progenitors
in vitro. Concurrently, two complementary
studies have also tackled the challenge of
generating specific kidney lineages from
human PSCs (Takasato et al., 2014; Xia
et al., 2013). These three studies, together
with the previous work of Mae et al.
(2013), converged on similar combina-
tions of factors that induce mesoderm.
However, the final kidney lineages ob-
tained during differentiation varied greatly
depending on the conditions for inducing
IM from mesoderm.
Xia et al. (2013) differentiated human
ESCs and human iPSCs into IM and sub-
sequently UB progenitors. These pro-
genitors were reaggregated with E11.5
embryonic kidney cells, which promoted
their maturation into organized chimeric
3D UB structures. Complementarily,
Takasato et al. (2014) established two
protocols, one of which simultaneously
induced both MM and UB derivatives
whereas the other protocol specifically
generated UB derivatives. Upon reag-
gregation with mouse embryonic kidneyl 14, January 2, 2014 ª2014 Elsevier Inc. 5
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Previewscells, PSC-differentiated human progeni-
tors self-organized into 3D structures
and integrated into mouse renal struc-
tures in vitro.
Taguchi et al. described a thorough
stepwise protocol for PSC differentiation
that recapitulates the in vivo stepwise
development of the nascent mesoderm,
posterior nascent mesoderm, posterior
IM, and finally MM. The generated
metanephric nephron progenitors were
induced to mature further into renal tu-
bules using a well-established coculture
system with embryonic spinal cords.
Both proximal and distal tubules devel-
oped, as well as numerous glomerulus-
like structures including clusters of cells
expressing podocytemarkers. Transplan-
tation of the metanephric nephron pro-
genitors together with spinal cords under
the kidney capsule of immunodeficient
mice induced massive tubulogenesis.
Highly vascularized glomeruli were found
to integrate with the host vasculature,
which is a prerequisite for glomerular
function as a filtration unit. The authors
successfully extended this protocol to6 Cell Stem Cell 14, January 2, 2014 ª2014 Ehuman iPSCs, generating human meta-
nephric nephron progenitors that could
likewise mature into proximal and distal
tubules, as well as glomeruli, upon cocul-
ture with embryonic spinal cords in vitro.
Due to the variation in induction proto-
cols between these different studies, it is
possible that the 3D kidney structures
generated in vitro have differing degrees
of functional potential. Although the clear
vascularization of the de novo human
glomeruli described by Taguchi et al. sug-
gests a large step toward obtaining
functional kidney structures, this pos-
sibility needs to be directly tested, for
example by transplantation into a ne-
phrectomy-based kidney injury mouse
model, as recently demonstratedwith iso-
lated human nephron progenitors (Harari-
Steinberg et al., 2013). Use of kidney
injury mouse models is a prerequisite
to comprehend whether human trans-
planted PSC-derived kidney progenitor
cells, or their subsequent 3D kidney
derivatives, can integrate into the host
renal structures in vivo, including the
excretory nephrons and collecting ductslsevier Inc.to create a continuous passage for urine
for successful filtration repair in kidney
diseases.
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How TGF-b signaling switches from enforcing pluripotency to promoting mesendodermal differentiation
remains an open question. Recently in Cell Reports, Beyer et al. demonstrated that Hippo signaling compo-
nents recruit the NuRD complex to repress expression of key genes targeted by TGF-b and thus determine
whether TGF-b signaling will favor pluripotency or differentiation.TGF-b signaling influences numerous
cells types, directing cell-type-specific re-
sponses throughout developmental and
disease processes. In human embryonic
stem cells (hESCs), TGF-b signaling is
required to maintain pluripotency, and
yet it is also the key pathway that induces
differentiation of hESCs into mesendo-
derm (Oshimori and Fuchs, 2012). In arecent paper in Cell Reports, Beyer et al.
(2013) describe a new mechanism under-
lying these divergent responses to TGF-b
signaling.
The canonical TGF-b signaling pathway
is mediated through activation of the tran-
scription factors SMAD2 and SMAD3
(SMAD2/3). When these proteins are acti-
vated by phosphorylation, they form acomplex with SMAD4 and are retained in
the nucleus where they cooperate with
other transcription factors to form a stable
complex on DNA (Oshimori and Fuchs,
2012). Through context-dependent part-
nering with different transcription factors,
SMAD2/3 tend to occupy unique en-
hancers in different cell types (Mullen
et al., 2011).
